The development of a multi-element synergistic flame-retardant depends largely on the design and synthesis of flame-retardants comprising a mixture of elements such as P, N and Si. Herein, we prepare a novel POSS derivative named octa-(N,N-(bis-(9,10-dihydro-9-oxa-10-phosphaphenanthene-10-yl) methyl)aminopropyl) silsesquioxane (ODMAS) that features a high content of P. The chemical structure 
Introduction
Epoxy resins possess many advanced properties including high tensile strength and modulus, excellent adhesion to many substrates, low shrinkage on curing, excellent chemical and corrosion resistance as well as good dimensional stability, and have been widely used as structural adhesives, coatings, and advanced composite materials in the applications of aerospace and electronic industries. [1] [2] [3] [4] Nonetheless, these applications normally require high ame resistance and therefore the development of ame retardant epoxy resins has attracted intense attention. During the past decades, many ame retardants such as layered double hydroxides, 5, 6 graphene, 7 halogen containing compounds, 8, 9 phosphorus containing compounds, 10, 11 nitrogen containing compounds 12 and silicon containing compounds, 13 and so on, have been adopted to modify the epoxy resin. Since halogen ame retardants have a detrimental effect on the environment and human health during burning, 14, 15 halogen-free ame retardants are highly desirable.
In recent years, design of multi-element ame-retardants has become a representative strategy to achieve high ame resistance. [16] [17] [18] [19] [20] It has been reported that a signicant improvement in ame-retardant efficiency can be achieved when synergistically introducing P, N and Si into the polymer matrix. 21 The combination of two or more ame retardant elements provides a simple approach for reducing the amount of ame retardants while increasing the ame resistance of epoxy resins. 9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide (DOPO) and its derivatives are a kind of widely used phosphorus containing ame retardants, which have shown excellent ame resistance for epoxy resins. 22 Several reports have indicated that modi-cation of DOPO with other ame-retardant elements can further increase their ame-retardant efficiency. [23] [24] [25] Polyhedral oligomeric silsesquioxane (POSS), a typical silicon-containing ame retardant, can signicantly increase the char yields and then reduce the ammability of polymeric materials through the formation of Si-O-Si structure. 26, 27 Flame retardants which synthesized by chemically connecting DOPO and POSS show a good ame resistance for epoxy resin, and the DOPO-POSS/ epoxy composites display a blowing-out extinguishing effect. 28, 29 Nevertheless, most of the POSS derivatives have a poor compatibility with epoxy matrix, and the as-obtained composite materials exhibit poor transparency and mechanical property.
Recently, we fabricated a surfactant-like ame retardant containing both DOPO and POSS, to improve its affinity to epoxy resin. 30 Although this ame-retardant can uniformly selfassemble in the epoxy matrix, the as formed nanoscaled aggregates reduce the transparence of the composite materials more or less. Moreover, we envision that the design ame-retardant from combination between DOPO and POSS can be further optimized to improving the content of ame-retardant elements. Herein, we synthesize a novel hybrid molecule ODMAS with sixteen DOPO groups linked to one POSS core through a simple Kabachnik-Fields and hydrolytic condensation reaction. ODMAS not only has a high content of P, N and Si elements, but also exhibit a high solubility in epoxy resin. Aer introducing ODMAS into epoxy resin, the as-obtained composite materials (ODMAS/EP) possess high transparency, excellent ame retardant properties and enhanced mechanical strength.
Results and discussion
Synthesis and structure characterization ODMAS was synthesized through a Kabachnik-Fields reaction followed by hydrolysis condensation using APTES, POM and DOPO as starting materials (Scheme 1). The chemical structure of ODMAS was characterized by FT-IR and 1 H, 29 Si, 31 P NMR spectroscopy, and the corresponding data are presented in the Experimental section. The FT-IR spectra of APTES, DOPO, and ODMAS are shown in Fig. 1g, h H NMR spectra of the two original materials, the signal of P-H at 8.83 ppm in DOPO (Fig. 1b) , the signals at 3.77-3.62 ppm and 1.18 ppm assigned to methylene and methyl protons of Si-O-CH 2 CH 3 , and the signal of NH 2 in APTES at 1.76 ppm (Fig. 1a (Fig. 1c) . In the 31 P NMR spectra, ODMAS displays a signal at 32.17 ppm (Fig. 1e) , while DOPO itself has a signal at 14.71 ppm (Fig. 1d) . The 29 Si NMR spectrum of ODMAS displays a single peak at À71.92 ppm (Fig. 1f) , implying the single chemical environment of Si atom in ODMAS. These results in combination with the FT-IR data suggest that ODMAS has been successfully synthesized with high purity and yield.
The thermal stability of ODMAS was evaluated by TGA under both air and nitrogen atmospheres. Fig. S2 † shows the TGA and derivative thermogravimetric (DTG) curves, and the corresponding data of which are summarized in Table 2 . The initial decomposition temperature (T d ) which is dened as the temperature for 5 wt% weight loss (T 5 ), T max is dened as the temperature for maximum weight loss rate. The T d of ODMAS under air atmospheres is about 301 C and the T max1 and T max2
are about 324 C and 505 C, respectively, which are higher than the cured temperature of epoxy. Thus, ODMAS is probably stable during the curing process of epoxy. Moreover, the residual char of ODMAS at 800 C is 23.28%, which can improve the char yield of the modied epoxy.
The morphology characterization of the composites
Since the compatibility of ame retardant in epoxy matrix greatly affects thermal, mechanical and optical properties of the composites materials, much effort have been focused on designing of ame retardants with high affinity to epoxy resin. The high solubility of DOPO in epoxy resin has been veried by many reports. 19, 32 Our previous work also demonstrated that DOPO possesses a high affinity with DGEBA, while POSS-NH 2 has a poor solubility in DGEBA. Importantly, we have found that a ame retardant prepared by the incorporation of DOPO onto POSS has an enhanced compatibility with DGEBA. 30 Therefore, we expect that ODMAS with sixteen DOPO groups attached on a POSS cage may has excellent solubility in DGEBA. Fig. 2a gives the photos of neat epoxy resin and ODMAS/EP composites. Obviously, the addition of ODMAS has no evident impact on the transparency of epoxy resin. The light transmittances of the samples were studied by UV-vis spectrophotometer. As shown in Fig. 2b , like the neat epoxy, the ODMAS/EP composites exhibit high optical transparency. For example, at 600 nm UV irradiation, the transmittance of the samples containing 1 wt%, 5 wt%, 10 wt% and 15 wt% of ODMAS are 89.2%, 89.1%, 84.5% and 81.2%, respectively, as compared to 91.7% for neat epoxy. These results give the rst indication that ODMAS were completely dissolved in DGEBA.
SEM and TEM images of the fractures of the samples were taken to further understand the solubility of ODMAS in epoxy resin. Samples were frozen in liquid nitrogen and then fractured immediately to obtain the fractures which maintaining their original morphologies. As is shown in Fig. 3 , EP-0% shows a smooth fracture, indicating a homogeneous structure. Similar morphology without phase separation was also observed in the SEM images of EP-1% and EP-5%, implying the good solubility of ODMAS in DGEBA. A further increase in the content (10% and 15%) of ODMAS caused a slight roughness of the fracture surface. We then used DCM to etch the fracture to verify whether ODMAS form aggregates in the epoxy matrix. As expected, the fracture surface is still smooth (Fig. 3 EP-15%'), further revealing that ODMAS is dissolvable in epoxy matrix. The morphologies of ODMAS in epoxy matrix were also observed directly by TEM. As shown in Fig. S3 , † TEM images of EP-0% and EP-10% were all homogeneous, and no obvious agglomeration can be observed in EP-10%.
Thermal properties
The glass transition temperature (T g ) is an important parameter that determines the applicability of epoxy resin thermosets. Fig. 4 and S4 † show the DSC thermograms and DMTA curves, respectively. Table 1 summarizes the sample compositions, ame retardant elements content, as well as the T g of the nal materials measured by DSC and DMTA. The T g values of ODMAS/EP composites were very close to that of neat epoxy, and decrease slightly with adding of ODMAS (Fig. 4) . It is well known that T g is generally ascribed to the segmental motion of the polymer networks, and the value of T g is determined by segmental motion freedom, crosslinking density, entanglement constraints and the packing density of the segments. 33, 34 The increased crosslink density of EP restrained the motion of segment, thus inducing an increased T g . However, the huge molecular volume of ODMAS can also enlarge the intermolecular space and improved the motion ability of segments, thus resulting in a decrease of T g . Therefore, the similar T g of pure epoxy resin and ODMAS/EP is believed to be the co-effect of these two factors ultimately. Also, DMTA can give information on the microstructure of cured epoxy resins. The loss tangent spectrum (tan d) curves exhibit a major relaxation as observed in most epoxy resins. Table 1 . Apparently, the T g values derived from DMTA have the same evolution trend with that of the DSC results. The thermal stability of neat epoxy as well as the ODMAS/EP composites was investigated by TGA under nitrogen and air atmospheres. The TGA and DTG curves of the epoxy composites are shown in Fig. 5 , and the corresponding decomposition data, including T 5 , T max and the char yield at 800 C are summarized in Table 2 . All the samples have a single-step degradation progress under nitrogen atmosphere ( Fig. 5a and b) and a twostep degradation progress under air atmosphere ( Fig. 5c and d) , which are consistent with the results reported in the literature.
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Under nitrogen atmosphere, EP-0% begins to decompose at 355 C, and reaches the maximum weight loss at 383 C with a maximum degradation rate 1.44 wt% min À1 and 18.1 wt% residue at 800 C. However, EP-1% exhibits T 5 and T max at 349 C and 378 C, respectively, which are relatively lower than that of EP-0%. This lower thermal stability can be attributed to the decomposition of ODMAS at a lower temperature (291 C).
Notably, the maximum weight loss rate of EP-1% (1.16 wt%-min
À1
) which is lower than that of EP-0%, while its residue char at 800 C (18.7 wt%) is higher than that of EP-0%. When the ODMAS contents was increased from 5%, 10% to 15%, the T 5 , T max and the maximum weight loss rate of the ODMAS/EP composites decreases gradually. Moreover, the increase in ODMAS content resulted in an improved residual char at 800 C, and the increased char gives the rst indication for the enhanced ame resistance. The gradual decrease of T 5 and T max can be primarily attributed to the decomposition of phosphorus group (mainly caused by the weak P-O-C bond of ODMAS).
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Under air atmosphere, the rst decomposition process of all samples from EP-0% to EP-15% occurred at around 300 C, implying their same thermal decomposition pathway. Probably, this is induced by the dehydrogenation and aromatization of alkyl groups. 39 The second decomposition step of all the samples occurred at around 570 C, which could be attributed to the further oxidative degradation of the unstable char layer.
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Moreover, the residual char increases and degradation rate reduces with the increasing ODMAS load. All these results further reveal that ODMAS can enhance ame resistance. FT-IR analysis was employed to conrm the component and chemical structure changes during the thermal oxidative Fig. 4 The DSC curves of cured neat epoxy resin and ODMAS/EP. tures during the pyrolysis process. 40 Importantly, a strong peak at 1096 cm À1 attributed to the stretching vibration of Si-O-Si structure, can still be observed for the ODMAS/EP composites at the temperature $400 C. 41, 42 In comparison, this peak does not appear in the spectra of neat epoxy at any temperatures. Consequently, the char residues of ODMAS/EP mainly comprise Si-O-Si and aromatic components, which play a key role in for protective barrier that separates heat and cuts off oxygen.
Flame retardant properties
Conventional epoxy resins are ignitable and potentially dangerous in re, and therefore the ame-retardants modi-cation of epoxy resins is of particular importance. LOI values and UL-94 text were conducted to characterize the ame resistance of ODMAS/EP composites (see Table 3 ). As shown in Fig. 7 and Table 3 , the LOI value of neat epoxy iabout 25.6%, 5 wt% addition of ODMAS results in an evident improvement of ame retardant ability with LOI value of 35.5%. An increase in LOI value is then observed when increasing the content of ODMAS from 5% to 15%.
The UL-94 measurement commonly evaluates the time of self-extinguish aer ignition for 10 s, therefore determining the ammability of materials. The classication of V-0 is obtained if the burning time of a sample bar does not exceed 10 s aer removing ame, and the total burning time for ve samples does not exceed 50 s; at the same time, the surgical cotton below the specimen cannot be ignited by aming drippings. Indeed, neat epoxy failed in the UL-94 test and exhibited dripping behaviour. However, the ODMAS/EP composites exhibited enhanced ame resistance, and no drippings were observed during test (see in Table 3 ). Based on the UL-94 test, EP-1% was classied as V1 rating, and samples including EP-5%, EP-10% and EP-15% were all classied as V0 rating. These results in combination with the LOI values, indicate that ODMAS can signicantly improve the re resistance of neat epoxy resins, and the lower amount of ame retardants is benecial to the reduction of cost.
To further understand the ame-retardant mechanism, the morphology and chemical composition of residue char were studied. Fig. 8 shows the photographs of residue char of EP-0% and EP-10% aer treating at 800 C for 30 min in a muffle furnace. Apparently, aer thermal treatment, EP-10% can maintain its original shape well (Fig. 8b) while EP-0% can't (Fig. 8a) . The corresponding SEM images are show in Fig. 8c-f . The residue char of EP-0% (see in Fig. 8a ) has obvious surface cracks (Fig. 8c) , which can't act as a heat or oxygen shield to protect the inner matrix during burning. In contrast, the exterior char of EP-10% is shaggy and multi-porous features (Fig. 8d) , and its inner char is smooth, compact structure and have some holes on the surface (Fig. 8f) . The difference between the inner and the outer surface of the char can be observed more directly from the cross-sectional SEM image (Fig. 8e) . The smooth and compact structural feature of the inner char serves as an effective barrier against heat and oxygen diffusion and protects the polymer matrix inside from further burning; simultaneously, the shaggy and multi-porous structure of outer char, which lls with air, can shield the interior matrix from further combustion. The FT-IR spectra of pure EP and ODMAS/EP composites and their pyrolysis residues were compared to further study the ame retardant mechanism. For the ODMAS/EP composites before pyrolysis, the peak at 1096 cm À1 corresponding to the Si-O-Si bond increases as the increasing addition of ODMAS (Fig. S5a †) . Also, peaks corresponding to aromatic structures appear at around 1600, 1507, 827 and 750 cm À1 . Aer pyrolysis (Fig. S5b †) , the characteristic infrared peaks of Si-O-Si and aromatic structures remain in the FT-IR spectra of char. Moreover, a peak at 913 cm À1 which assigned to P-O-Ph of DOPO can also be observed in the FT-IR spectra of residue char. These results demonstrate that the heat and oxygen shield mainly comprises of Si-O-Si, P-O-Ph and aromatic structures. Based on the results above, we consider that the ame retardant mechanism of ODMAS mainly accords a condensedphase by charring due to the synergistic effect among phosphorus, nitrogen and silicon. 43, 44 Residue char mainly formed by the oxidation of silicon, phosphorus and dehydration of the organic epoxy matrix. The char layer of the hierarchical structure, which acts as a barrier, can slow the heat and oxygen transfer into the epoxy matrix, thus protecting the underlying materials from further burning. The formation of the char layer with hierarchical structure should be the main reason for the enhanced ame resistance.
Mechanical properties
Finally, we are interested in demonstrating the inuence of the ame retardant on the mechanical properties of the composites. Three-point bending test was used to measure the exural modulus of the composite materials. The exural modulus of a series sample bars with an increasing mass fraction of ODMAS (from 0 wt% to 15 wt%) are shown in Fig. S6 , † and the value of the mechanical properties data of the composites are summarized in Table 4 . The exural modulus could be estimated from the slope of the s-3 curves according to eqn (3) (see in experimental part), in which 3 f 2 ¼ 0.0025, 3 f 1 ¼ 0.0005, s f 2 and s f 1 represent the corresponding exural strain. The exural modulus of the composites with ODMAS (from 1 wt% to 15 wt%) are higher than that of the neat epoxy resin (EP-0%) and reach the maximum value of 2984 MPa at 10 wt% content of Fig. 7 The LOI value of cured epoxy resin and ODMAS/EP. ODMAS. A further increase of the ODMAS content leads to a reduction in modulus. The improved modulus of the sample with the addition of ODMAS may be attributed to the good affinity between DOPO and DGEBA. In the ODMAS molecular, the outer DOPO groups combine with DGEBA, making the inside POSS acted as an effective physical cross-linking point. However, huge molecular volume of ODMAS can also enlarge the intermolecular space and improve the motion ability of segments, thus resulting in a lower modulus. 45, 46 When the ODMAS loading is low, the physical crosslinking is the main factor, however, when ODMAS increased to a certain extent (more than 10 wt% in our work), the free volume has a greater effect on modulus reduction. Therefore, on account of the coeffect of these two factors, the modulus of ODMAS/EP composites increased with the increasing of ODMAS content rst and then decreased. In addition, the similar tendency was also observed in the DMA results (see in Fig. S4 †) . In other words, the enhanced exural modulus of ODMAS/EP composites can be ascribed to the strong intermolecular force between the ODMAS and epoxy matrix.
Conclusions
In summary, a novel halogen-free ame retardant (ODMAS) was synthesized through a high yield and purity combining both the Kabachnik-Fields reaction and hydrolysis reaction. The chemical structure of ODMAS was conrmed by 1 H, 29 Si, and 31 P NMR, FT-IR spectroscopy, and elemental analysis. ODMAS can be homogeneously dispersed in epoxy resins, resulting in an entirely transparent composite materials. The introduction of ODMAS into epoxy matrix leads to an optimized ame resistance, including the increased char yield at 800 C and reduced maximum mass loss rate. Moreover, the LOI value is signi-cantly improved to 37.1%, and the samples are classied as V0 rating in the UL-94 test. The remarkable enhancement in the ame resistance is mainly attributed to the hierarchical structure of the char which acted as an effectively barrier to protect the inner epoxy matrix from further burning. The three-point bending test results show that ODMAS can enhance the mechanical properties, and with the increased ODMAS load the exural modulus increases rst and then decreases. The work illustrates an example for the development of multi-element synergistic halogen-free ame retardant with good solubility in polymer matrix, can simultaneously improve the ame resistance and mechanical properties of the polymeric materials.
Experiment Materials (3-Aminopropyl)triethoxysilane (APTES) was purchased from Aladdin and used as received. 9,10-Dihydro-9-oxa-10-phosphaphenanthrene-10-oxide (DOPO) was purchased from Shanghai Eutec Chemical, China. Diglycidyl ether of bisphenol A (DGEBA, trade name was E51) was a kind of liquid epoxy resins and supplied by Sinopec Baling Branch Company, China. 4,4 0 -diaminodiphenylmethane (DDM) and polyoxymethylene (POM) were purchased from Sinopharm Chemical Reagent Co. Ltd., China. The reagents were analytical grade and used as received unless otherwise noted.
Synthesis of octa-(N,N-(bis-(9,10-dihydro-9-oxa-10-phosphaphenanthene-10-yl)methyl)aminopropyl) silsesquioxane (ODMAS)
APTES (40 
Preparation of ODMAS/DGEBA/DDM thermosets and control sample
The ame-retardant epoxy resins were obtained via the procedural curing of DGEBA. Fig. S1 † gives the detailed process for get the nal thermosets. The contents of ODMAS were 1, 5, 10 and 15 wt%, stoichiometric amounts of DDM were used as curing agents, and the resultant samples were marked as EP-1%, EP-5%, EP-10%, and EP-15%, respectively. Neat epoxy resin prepared through a DGEBA/DDM system without ODMAS was used as control sample (marked as EP-0%). All the compositions of samples are listed in Table 1 . Typically, ame-retardant ODMAS was added in DGEBA under continuous stirring at 90 C until the mixture became transparent, aer which DDM was added. The mixture was poured into a steel mould once the mixture became homogeneous. A three-step curing procedure was carried out to prepare the thermosetting resins. All sample were thermally cured at 120 C for 4 h followed by at 140 C for 2 h, then further post-cured at 180 C for 2 h to ensure the complete curing reaction. Thereaer, all specimens were naturally cooled to room temperature in order to avoid stress cracking.
Characterization
Attenuated total reectance Fourier transform infrared (ATR-FTIR) spectra were obtained on a Nicolet Avatar 360 spectrophotometer. Nuclear magnetic resonance ( 1 H NMR, 29 Si NMR and 31 P NMR) spectra were recorded on a Bruker Advanced II AV300 MHz NMR spectrometer with CDCl 3 as the solvent. UVvis absorption data of the samples were acquired on a Unico UV-vis 2802PCS UV spectrometer in transmission mode with specimens dimension 50 Â 10 Â 4 mm 3 . The wavelengths ranges from 300 to 800 nm. Scanning electron microscope (SEM) images were obtained from a Hitachi TM3000 instrument. The fracture surface morphology of the specimens before and aer etching by DCM and the morphological structures of the char residue aer LOI tests were studied.
Thermogravimetric analysis (TGA) was performed with a NETZSCH STA 409EP, heating from R.T. to 800 C at a heating rate of 10 C min À1 under air and nitrogen conditions, respectively. Differential scanning calorimetry (DSC) was conducted on a NETZSCH STA 449C, heating from R.T. to 250 C at a heating rate of 10 C min À1 under nitrogen atmosphere. The mass of each sample was approximate 4-10 mg. The limiting oxygen index (LOI) was determined with a FTT 0077 type instrument (FTT, UK) with specimens dimension were 100 Â 6 Â 4 mm 3 . The percentage of O 2 in the O 2 /N 2 mixture was taken as the LOI which was just sufficient to sustain the ame. The UL-94 test was performed by FTT 0082 type instrument (FTT, UK) with the specimens dimension were 120 Â 12.5 Â 4 mm 3 . The UL-94 test determines the upward burning characteristics of a solid. Five sample bars suspended vertically over surgical over cotton were ignited by a Bunsen burner, aer ignition for 10 s, the ame was removed and the time for the polymer to self-extinguish (t 1 ) was recorded. Dynamic mechanical analysis (DMA) was performed on a TA instrument (NETZSCH DMA 242E) in double-cantilever mode, with temperature ranging from R.T. to 250 C. The frequencies was set at 1 Hz, with an oscillation amplitude of 20 mm. The heating rate was xed at 2 C min À1 . The typical dimensions of the sample beams were 60 Â 10 Â 4 mm 3 .
Three-point bending experiment was conducted on an electronic universal testing machines (AGS-X, Shimadzu, Japan). The crosshead speed was 1 mm min À1 and typical dimensions of the sample beams were 120 Â 10 Â 4 mm 3 . Bending stress (s) was calculated by the eqn (1):
where F is bending force, L S is the span width, b is the width of specimen, h is the thickness of specimen, W is the section factor: W ¼ bh 2 
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. Flexural strain (3) was calculated by the eqn (2):
where s is distance. Flexural modulus (E) was calculated by the eqn (3):
where f is deection,3 f 2 ¼ 0.0025, 3 f 1 ¼ 0.0005, s f 2 and s f 1 from the corresponding exural strain, I ¼ bh 
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